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Reconsolidation of appetitive memories for both
natural and drug reinforcement is dependent
on -adrenergic receptors
Amy L. Milton,1,2 Jonathan L.C. Lee,1,2 and Barry J. Everitt
Behavioural and Clinical Neuroscience Institute, Department of Experimental Psychology, University of Cambridge, Downing Site,
Cambridge CB2 3EB, United Kingdom
We have investigated the neurochemical mechanisms of memory reconsolidation and, in particular, the functional
requirement for intracellular mechanisms initiated by -adrenergic signaling. We show that propranolol, given in
conjunction with a memory reactivation session, can specifically disrupt the conditioned reinforcing properties of a
previously appetitively reinforced conditioned stimulus (CS), whether the stimulus had been associated with
self-administered cocaine or with sucrose. These data show that memories for both drug and nondrug CS–US
associations are dependent on -adrenergic receptor-mediated signaling for their reconsolidation, with implications
for the potential development of a novel treatment for drug addiction and some forms of obesity.
The neurochemical mechanisms underlying memory reconsoli-
dation—the process hypothesized to occur following the reacti-
vation or retrieval of a fully consolidated memory upon re-
exposure to conditioned stimuli (Nader 2003; Dudai and Eisen-
berg 2004)—have become increasingly investigated, in part
because of the emergence of the view that disrupting memory
reconsolidation might be exploited to treat neuropsychiatric dis-
orders based upon the existence of maladaptive memories (e.g.,
Debiec and LeDoux 2006).
Adrenergic signaling is implicated in both memory consoli-
dation and reconsolidation; the administration of adrenaline en-
hances memory consolidation in aversive and appetitive tasks in
animals and humans (Gold et al. 1977; Liang et al. 1985; Stern-
berg et al. 1985; Introini-Collison and McGaugh 1986), and the
administration of adrenergic receptor antagonists induces
memory deficits in tasks including inhibitory avoidance
(Lennartz et al. 1996), taste memory (Miranda et al. 2003), and
odor–reward associations (Wilson et al. 1994) in rats and, in hu-
mans, fear memory (Grillon et al. 2004) and emotional learning
(Cahill et al. 1994; van Stegeren et al. 1998). In rodents, -
adrenergic signaling has also been implicated in the reconsolida-
tion of CS–fear memories (Debiec and LeDoux 2004), drug-
associated memories (Bernardi et al. 2006), spatial memories
(Przybyslawski et al. 1999), and other forms of appetitive
memory (Diergaarde et al. 2006). However, although the admin-
istration of -adrenergic receptor antagonists has been shown to
disrupt appetitive memories in both a cocaine-conditioned place
preference (Bernardi et al. 2006) and a context-induced sucrose-
seeking task (Diergaarde et al. 2006), it remains unclear whether
CS–food memories undergo reconsolidation in a similar manner
to CS–addictive drug associations.
It has been proposed that drug-associated memories may be
mediated by the same neural and psychological mechanisms as
memories resultant on conditioning to natural rewards (Robbins
and Everitt 2002; Kelley 2004). For example, the acquisition of
responding for cocaine- and sucrose-paired conditioned reinforc-
ers is topographically similar, and both are equally persistent
(Grimm et al. 2001, 2005; Di Ciano and Everitt 2004). Therefore,
we have employed an acquisition of a new instrumental response
with conditioned reinforcement (ANR) procedure to investigate
further the pharmacological mechanisms of appetitive memory
reconsolidation, using the -adrenergic receptor antagonist pro-
pranolol as a putative amnestic agent, with both natural (su-
crose) and drug (cocaine) reinforcers. This we did in order to
compare directly the neuropharmacological mechanisms under-
lying the reconsolidation of Pavlovian associations between en-
vironmental conditioned stimuli (CSs) and appetitive reinforcers
(unconditioned stimuli, or USs). This has both theoretical and
potentially translational implications, as some forms of obesity
have been suggested to be analogous to an addiction to “comfort
foods,” with food craving, like drug craving, being elicited by
presentation of associated CSs (Grant et al. 1996; Wang et al.
2004; Volkow and Wise 2005). Therefore, investigating whether
the reconsolidation of CS–US memories for natural and addictive
drug reinforcers are dependent upon common neurochemical
mechanisms may also allow the development of reconsolidation-
based treatments for both drug addiction and obesity.
Male Lister Hooded rats were trained and tested on the ANR
procedure as described previously for the intravenous (i.v.) co-
caine condition (Lee et al. 2005). Briefly, in the sucrose condi-
tion, rats were conditioned to perform a nosepoke response to
receive a 1.0-mL 10% liquid sucrose reinforcement, paired with a
10-sec light CS. All groups acquired the nosepoke response for
sucrose reinforcement, and the total number of CS–sucrose pair-
ings was similar across all groups (data not shown; group means
between 264 and 267.9 pairings; Treatment: F < 1; Reactivation,
F < 1; Treatment Reactivation: F(1,32) = 2.86, not significant
[ns]). Importantly, therefore, conditioning of the CS–sucrose as-
sociation was equivalent in all groups. The CS–sucrose associa-
tion was then reactivated in a 10-min Pavlovian extinction ses-
sion, in which only the CS and not sucrose reinforced the nose-
poke response. During this session the groups received similar
numbers of non-reinforced CS exposures (data not shown; sa-
line = 22.7 1.3, propranolol = 22.2 1.3), as shown by an in-
dependent-samples t-test (t(18) = 0.29, ns). Therefore, there were
no differences between the groups in conditioning, CS exposure,
or extinction.
The conditioned reinforcing properties of the sucrose-
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associated CS were then tested by its ability to support the ac-
quisition of a new lever-press response as described previously
(Lee et al. 2005). As the variance of lever pressing increases with
the mean (Winer 1991), thus violating the homogeneity of vari-
ance assumption of ANOVA, the data were square-root-
transformed for statistical analysis. However, to facilitate inter-
pretation, the raw data are presented in the figures. Administra-
tion of the -adrenergic receptor antagonist DL-propranolol
hydrochloride (10 mg/kg; Sigma-Aldrich), immediately following
the reactivation session, resulted in a reactivation-dependent im-
pairment in the acquisition of a new instrumental sucrose-
seeking response measured subsequently. The reactivated control
saline group learned to respond on the active lever for the CS
over the four sessions of acquisition, and responding was signifi-
cantly higher than on the inactive lever (Fig. 1A). In contrast, the
reactivated propranolol group made many fewer responses on
the active lever than control rats. Moreover, rats injected with
propranolol showed no preference for the active lever over the
inactive lever for up to 8 d after reactivation. The impairments in
the acquisition of a new response were critically dependent upon
reactivation of the CS–sucrose memory, since rats that were in-
jected with propranolol, but with the memory reactivation ses-
sion omitted, readily learned the new instrumental response with
conditioned reinforcement. Saline- and propranolol-treated rats
in the non-reactivated condition thus showed a strong prefer-
ence for the active lever over the inactive lever (Fig. 1B). An
overall comparison of reactivated and non-reactivated groups re-
vealed a reactivation-dependent effect of treatment upon dis-
criminated responding across all four test sessions, which indi-
cates a persistent impairment in learning the new response.
Importantly, there was no difference between the
groups in overall (inactive and active) lever-pressing
activity or nosepoke responses during the test sessions
(data not shown; Reactivation  Treatment, P > 0.06;
Reactivation  Treatment  Session, P > 0.10), which reveals
that there was no deficit in general motivation or activity. Fur-
thermore, the reactivation dependence of the impairment dem-
onstrates that propranolol had no nonspecific effects on lever-
pressing performance.
Administration of propranolol also resulted in a reactiva-
tion-dependent impairment in the acquisition of a new response
for cocaine-conditioned reinforcement (for methods, see Lee et al.
2005). To facilitate the comparison with the sucrose experiment,
the data are first presented and initially analyzed for the first four
sessions only (Fig. 2A,B). As before, the data were square-root-
transformed for statistical analysis so that the homogeneity of
variance assumption of ANOVA would not be violated. The re-
activated, saline-treated group learned to respond preferentially
on the active lever for the CS over the four sessions of acquisi-
tion, and active lever responding was significantly higher than
on the inactive lever (Fig. 2A). However, the reactivated, propran-
olol-treated group did not discriminate between the active and
inactive levers, indicating that the conditioned reinforcing prop-
erties of the CS had been abolished. This impairment in respond-
ing for conditioned reinforcement was reactivation-dependent,
since the non-reactivated, propranolol-treated group was unim-
paired compared to control (Fig. 2B).
The persistence of the impairment in responding for condi-
tioned reinforcement was investigated by measuring responding
on a further three test sessions, conducted at weekly intervals
(post-reactivation days 15, 22, and 29; Fig. 2C,D). Analysis of all
seven post-reactivation test sessions supported the previous
analysis, with only the reactivated, propranolol-treated group
showing a reactivation-dependent impairment in responding for
conditioned reinforcement. Although the reactivated, proprano-
lol-treated group discriminated between the active and inactive
levers during these subsequent test sessions, there was still a
marked impairment in active lever responding compared to the
reactivated, vehicle-treated group. Therefore these data fulfill the
criteria for a memory reconsolidation-induced deficit (Dudai
2004), namely, that of a reactivation-dependent and persistent
impairment.
Prior to the cocaine-conditioned reinforcement test, all
groups acquired the nosepoke response for i.v. cocaine reinforce-
ment, and the total number of CS–cocaine pairings was similar
across all groups. There were no differences between the prospec-
tive propranolol and vehicle rats in terms of the CS–cocaine pair-
ings experienced (data not shown; group means between 235.3
and 268.1 pairings; Treatment, F < 1; Reactivation, F < 1;
Treatment Reactivation, F(1,24) = 2.23, ns). Both of the reacti-
vated groups received similar numbers of unreinforced CS expo-
sures during the 15-min memory reactivation session (data not
shown; saline = 18.0  1.18, propranolol = 17.0  1.58) as
shown by an independent-samples t-test (t(14) = 0.68, ns).
Injections of propranolol did not induce a negative affective
or motivational state sufficient to condition a place aversion (Fig.
3), suggesting that the effects of propranolol in the ANR experi-
ments were not due to counterconditioning to the CS or to any
aversive effects of the propranolol treatment.
Figure 1. Test data for Experiment 1. Administration of propranolol
immediately following memory reactivation impaired the reconsolidation
of a CS-sucrose memory, as measured by the acquisition of a new instru-
mental response for conditioned reinforcement. Active and inactive lever-
press responses were compared over four test sessions, conducted on
post-reactivation days 1, 2, 5, and 8 for both reactivated (A) and non-
reactivated (B) groups (Treatment Reactivation Lever, F(1,32) = 9.15,
P < 0.01; Treatment  Reactivation  Lever  Session, F < 1;
Treatment Reactivation, F < 1). VAL, vehicle, active lever; PAL, pro-
pranolol, active lever; VIL, vehicle, inactive lever; PIL, propranolol, inactive
lever. Propranolol-treated rats did not respond more on the active than
the inactive lever (Lever, F < 1; Lever Session, F(2,17) = 3.12, ns). Data
are presented as mean SEM, n = 8–10 per group.
Propranolol disrupts CS–US memory reconsolidation
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The results of these experiments demonstrate that discrete
appetitive Pavlovian associations reinforced by both natural (su-
crose) and drug (cocaine) rewards undergo reconsolidation after
memory reactivation by CS presentation. They furthermore show
that systemic injections of the -adrenergic receptor antagonist
DL-propranolol can disrupt the reconsolidation of both CS–drug
and CS–sucrose memories. Administration of propranolol, imme-
diately following a CS-evoked memory reactivation session, dra-
matically impaired the ability of both a previously sucrose-paired
CS and a previously cocaine-paired CS to support the acquisition
of a new instrumental response when tested days after the pro-
pranolol treatment. The selective deficit in active lever respond-
ing reflects an attenuation of the conditioned reinforcing prop-
erties of the appetitive CS and cannot be attributed to a decrease
in overall activity. Importantly, the impairment in instrumental
responding for conditioned reinforcement seen in the propran-
olol-treated, reactivated groups was critically dependent upon
the retrieval of the memory by CS presentation at the time of
propranolol administration, since propranolol had no effect
when given without reactivation of either the CS–sucrose or the
CS–drug memory. The deficit was persistent, lasting for at least 8
d for the previously sucrose-paired CS and for 29 d for the pre-
viously cocaine-paired CS. The persistence and reactivation-
dependence of the propranolol-induced amnesia fulfill the nec-
essary criteria for a disruption of memory reconsolidation (Dudai
2004), and so these data suggest that propranolol, when given in
conjunction with a memory reactivation session, can impair the
reconsolidation of appetitive CS–US memories and thereby re-
duce the ability of previously appetitive CSs to control subse-
quent instrumental behavior. Furthermore, as post-reactivation
propranolol results in a complete elimination of the conditioned
reinforcing properties of cocaine- and sucrose-associated stimuli,
this provides further evidence that addictive drug and natural
reward-related memories are mediated by similar or overlapping
mechanisms (Robbins and Everitt 2002; Kelley 2004).
An alternative explanation for the decrease in instrumental
responding for conditioned reinforcement—that the propranolol
injection might have led to a conditioned aversion, thus indi-
rectly opposing the conditioned reinforcing properties of the pre-
viously drug-paired CS—can be discounted, because we have
demonstrated that a single injection of propranolol does not in-
duce a central aversive state capable of supporting acquisition of
a conditioned place aversion. Thus, it is unlikely that propranolol
reduced subsequent lever pressing because of the acquisition of
an aversive “CS–propranolol” association by the reactivated, pro-
pranolol-treated rats.
The results of these experiments are consistent with previ-
ous suggestions of a role for adrenergic signaling in memory re-
consolidation, as propranolol has been shown to disrupt the re-
consolidation of spatial memories (Przybyslawski et al. 1999) and
conditioned fear memories (Debiec and LeDoux 2004). Our re-
sults also complement, and significantly extend, those of Ber-
nardi et al. (2006) and Diergaarde et al. (2006). Bernardi et al.
(2006) showed that propranolol, given at the same dose and
route of administration used here, disrupted the reconsolidation
Figure 2. Test data for Experiment 2. Propranolol administered im-
mediately following memory reactivation attenuated the conditioned
reinforcing properties of a previously cocaine-paired CS, as measured
by the acquisition of a new instrumental response on post-reactivation
days 1, 2, 5, and 8, for (A) reactivated but not (B) non-reactivated
groups (Treatment  Reactivation, F (1 ,24) = 6.10, P < 0.05;
Treatment Reactivation Session, F < 1). VAL, vehicle, active lever;
PAL, propranolol, active lever; VIL, vehicle, inactive lever; PIL, proprano-
lol, inactive lever. Propranolol-treated rats did not respond more on the
active than the inactive lever (Lever, F(1,8) = 2.30, ns; Lever Session,
F(1.94,15.5) = 1.40, ns). Extended testing of these rats revealed that the
impairment in responding for conditioned reinforcement persisted for at
least 29 d following the memory reactivation session when proprano-
lol was given in conjunction with a memory reactivation session (C) but
not when the reactivation session was omitted (D) (analysis for all seven
test sessions; Reactivation  Treatment, F(1,24) = 4.41, P < 0.05;
Treatment  Reactivation  Session, F < 1). Data are presented as
mean SEM, n = 5–9 per group.
Propranolol disrupts CS–US memory reconsolidation
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of a conditioned place preference (CPP) memory for cocaine.
However, a critical procedural difference between the study by
Bernardi et al. (2006) and the present study is that in the CPP
procedure, rats were given only four experimenter-administered
i.p. injections of cocaine, while in the present experiment co-
caine was extensively self-administered (180–270 infusions over
9 d), resulting in more robust CS–drug associative conditioning.
Therefore, the current procedure perhaps more closely models
the situation seen in drug addiction in humans, since cocaine
was self-administered intravenously for a considerable period of
time (see also Lee et al. 2005, 2006). It also provides a clear dem-
onstration of CS–drug memory disruption at reactivation, as the
new instrumental response could only have been learned if the
previously drug-paired CS had retained its affective or motiva-
tional properties to act as a conditioned reinforcer. By contrast,
neither the nature of the association that is targeted by disrupt-
ing reconsolidation in the CPP procedure nor how disrupted CPP
relates to the instrumental acts of drug seeking and taking is
clear. Thus, CPP may reflect the expression of an instrumental
association (rats moving to the paired environment in order to
receive drug injections), an automatic Pavlovian approach re-
sponse to a drug-associated CS, or reward expectancy (for a dis-
cussion of the CPP procedure, see Everitt and Robbins 1992 and
Schechter and Calcagnetti 1993). Moreover, it is unclear whether
rats are conditioned to elemental (discrete) cues or configural
contexts when acquiring CPP (Ito et al. 2006).
The ANR procedure, by contrast, isolates and tests the con-
ditioned reinforcing property of a discrete appetitive stimulus
(Mackintosh 1974; Di Ciano and Everitt 2004), which, in an ad-
dictive drug setting, is known to be of critical importance in
supporting or inducing drug seeking (See et al. 1999; Crombag
and Shaham 2002; Di Ciano and Everitt 2004). Furthermore, it is
known that the acquisition of a new instrumental response is not
supported solely by the sensory properties of a stimulus, since
rats are unable to learn the new instrumental response for a CS
that is novel or explicitly unpaired with reward during training
(Taylor and Robbins 1984; Parkinson et al. 2005). It remains to be
determined, however, whether propranolol given at memory re-
trieval also impacts upon contextual influences on drug seeking
as well as sucrose seeking measured subsequently, as studied, for
example, in renewal procedures (e.g., Crombag and Shaham
2002).
The results of the present experiments demonstrate that ap-
petitive Pavlovian memories for stimuli associated with both
natural and addictive drug reinforcers undergo memory recon-
solidation following retrieval and that these reconsolidation
mechanisms are commonly dependent on adrenergic signaling.
Moreover, impairing reconsolidation has a long-term impact,
disrupting instrumental responding at test long after the reacti-
vation treatment session. As CSs previously associated with drug
have been shown to be associated with drug craving in human
addicts (Grant et al. 1996; Childress et al. 1999; Garavan et al.
2000; Kilts et al. 2001; Bonson et al. 2002) and to precipitate
relapse in animal models of addiction (de Wit and Stewart 1981;
Shaham et al. 2003), these results suggest that propranolol, given
in conjunction with a memory reactivation session in humans,
may act as a pro-abstinence/anti-relapse treatment for drug ad-
diction. Furthermore, as drug addiction and some forms of obe-
sity have been hypothesized to depend upon common underly-
ing neurobiological and psychological mechanisms (Wang et al.
2004; Kelley et al. 2005; Volkow and Wise 2005; Rothemund et
al. 2007), this may suggest that a reconsolidation-based treat-
ment using propranolol could also be useful in reducing cue-
induced craving for “comfort foods.”
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